CNS neurons use robust cytoprotective mechanisms to ensure survival and functioning under conditions of injury. These involve pathways induced by endogenous neuroprotective cytokines such as erythropoietin (EPO). Recently, in contrast to its well known deleterious roles, TNF has also been shown to exhibit neuroprotective properties. In the present study, we investigated the molecular mechanisms by which TNF receptor (TNFR)I mediates neuroprotection by comparing the gene expression profiles of lesioned cortex from WT and TNFRI KO mice after permanent middle cerebral artery occlusion. Several known neuroprotective molecules were identified as TNFRI targets, notably members of the Bcl-2 family, DNA repair machinery and cell cycle, developmental, and differentiation factors, neurotransmitters and growth factors, as well as their receptors, including EPO receptor (EPOR), VEGF, colony-stimulating factor receptor 1, insulin-like growth factor (IGF), and nerve growth factor (NGF). Further analysis showed that induction of EPOR and VEGF expression in primary cortical neurons after glucose deprivation (GD) largely depended on TNFRI and was further up-regulated by TNF. Also, EPO-and VEGFinduced neuroprotection against GD, oxygen-glucose deprivation, and NMDA excitotoxicity depended significantly on TNFRI presence. Finally, EPO prevented neuronal damage induced by kainic acid in WT but not TNFRI KO mice. Our results identify cross-talk between tissue protective cytokines, specifically that TNFRI is necessary for constitutive and GD-induced expression of EPOR and VEGF and for EPOmediated neuroprotection.
CNS neurons use robust cytoprotective mechanisms to ensure survival and functioning under conditions of injury. These involve pathways induced by endogenous neuroprotective cytokines such as erythropoietin (EPO). Recently, in contrast to its well known deleterious roles, TNF has also been shown to exhibit neuroprotective properties. In the present study, we investigated the molecular mechanisms by which TNF receptor (TNFR)I mediates neuroprotection by comparing the gene expression profiles of lesioned cortex from WT and TNFRI KO mice after permanent middle cerebral artery occlusion. Several known neuroprotective molecules were identified as TNFRI targets, notably members of the Bcl-2 family, DNA repair machinery and cell cycle, developmental, and differentiation factors, neurotransmitters and growth factors, as well as their receptors, including EPO receptor (EPOR), VEGF, colony-stimulating factor receptor 1, insulin-like growth factor (IGF), and nerve growth factor (NGF). Further analysis showed that induction of EPOR and VEGF expression in primary cortical neurons after glucose deprivation (GD) largely depended on TNFRI and was further up-regulated by TNF. Also, EPO-and VEGFinduced neuroprotection against GD, oxygen-glucose deprivation, and NMDA excitotoxicity depended significantly on TNFRI presence. Finally, EPO prevented neuronal damage induced by kainic acid in WT but not TNFRI KO mice. Our results identify cross-talk between tissue protective cytokines, specifically that TNFRI is necessary for constitutive and GD-induced expression of EPOR and VEGF and for EPOmediated neuroprotection.
cDNA microarray ͉ cytokine signaling ͉ neuron death ͉ transgenic mice ͉ epilepsy C ytokine-based therapeutic strategies that focus on endogenous brain proteins with direct neuroprotective properties are receiving increasing attention for the treatment of a broad spectrum of neurodegenerative diseases. Erythropoietin (EPO), which was originally described as a hematopoietic growth factor, has been shown to exert potent protective effects on CNS neurons against excitotoxic, metabolic, and ischemic cell death in vitro. In animals, it efficiently penetrates the blood-brain barrier and shows a large therapeutic window in models of experimental ischemia (1-3), traumatic injury (2, 4), NMDA-and kainate-induced excitotoxicity (5), and experimental autoimmune encephalomyelitis (2, 6) . It is well tolerated and safe in humans, has been successful in a phase II trial for acute stroke (7), and is currently being assessed in earlyphase trials for multiple sclerosis and schizophrenia (8, 9) . Similarly, the cytokines VEGF and colony-stimulating factor (CSF) also show promise for neuroprotection. They are strongly neuroprotective in preclinical models of stroke (10, 11) , spinal cord injury (12) , diabetic neuropathy (13) , and ALS (14, 15) and are now being assessed in humans for the management of diabetic neuropathy, ALS, and Parkinson's disease.
The proinflammatory cytokine TNF has been attributed both neurotoxic and neuroprotective effects in the CNS. The neurotoxic effects of TNF have been shown in various preclinical ischemia models, including those in which the administration of TNF exacerbated tissue injury in hypertensive rats (16) , and inhibition of TNF offered cytoprotection (16, 17) . In general, the deleterious effects of TNF have been associated with its inflammatory effects on glia and its procoagulative effects on the vascular system (18) . However, TNF has been shown to exert direct protective effects on neurons through each of the two TNF receptors (19) (20) (21) and is necessary for ischemic preconditioning in animals and neuron cultures (19, 22) . TNFRI signaling activates and sustains neuronal activity of the antiapoptotic transcription factor NF-B (23), and TNFRII activates an Akt-dependent pathway (24) , and the overall outcome of TNF-TNFR interactions is the maintenance of calcium homeostasis (19, 20) , decrease of glutamate currents (25) , and the induction of antiapoptotic mechanisms involving Bcl-2, Bcl-X, and FLIP (23, 26) and possibly growth factors.
The possibility that these versatile protective molecules use integrated signaling pathways in neurons has not been investigated. By applying a microarray approach to compare gene transcription in WT and TNFRI KO ischemic lesions, we identified here several neuroprotective molecules, including EPO receptor (EPOR) and VEGF, as TNFRI target genes. We further show that TNFRI is required for EPOR and VEGF expression and protective effects in primary cortical neurons after ischemic and excitotoxic injury.
Results
Microarray Analysis Reveals Mechanisms of TNFRI-Mediated Neuroprotection. To determine whether TNFRI neuroprotective signaling, as has been defined in in vivo and in vitro models of ischemic injury (23) , can interact with other known neuroprotective pathways, we performed gene expression profiling of lesions obtained from WT and TNFRI KO at 3 h (n ϭ 2 and n ϭ 2 respectively) and 6 h (n ϭ 2 and n ϭ 2) after permanent middle cerebral artery occlusion (pMCAO), as well as from corresponding regions from nonoccluded WT and TNFRI KO brain. We hybridized Atlas mouse cDNA array membranes, containing 588 or 1,185 known genes representing selected pathways, with radioactively labeled cDNA from WT and TNFRI KO ischemic lesions and corresponding nonoccluded brain regions. Genes that showed Ն2-fold difference in TNFRI KO compared with WT lesions were considered to be differentially regulated.
Comparison between WT and TNFRI KO nonoccluded brain tissue revealed changes in the expression of 34 of 1,185 genes (2.9%) [supporting information (SI) Table S1 ]. At 3 h after occlusion, changes in the transcription of 51 of 588 genes were identified (8.7%). Notably, genes encoding for proapoptotic molecules of the Bcl-2 family (BAD, BID, BAG1, and PCD1) and DNA repair proteins (excision repair 1, ERCC-5, and translin) were mainly up-regulated, whereas signaling molecules and developmental factors (ephrin receptors B2 and B4) were down-regulated in the absence of TNFRI (Table S2) . At 6 h after occlusion, transcriptional changes in 85 of 588 genes were identified (14.5%). Genes encoding proteins in three major functional categories, growth factor signaling [including EPOR, VEGF, EGF, FGFR1, CSF receptor (CSFR)1, IGF1, and NGF], differentiation (PAX6, BMP15, stromal cell-derived factor receptor 1, and TIMP3) and neurotransmission (serotonin receptors 2C and 1E and AMPA1) were down-regulated in the absence of TNFRI (Table S3) . Only five genes in the abovementioned categories were constitutively differentially regulated in TNFRI KO nonoccluded brain tissue (BID, FRA-2, vABL, ubiquitin B, plasminogen activator inhibitor type I).
Interestingly, the genes differentially regulated by TNFRI included several molecules with well characterized neuroprotective function that have already progressed toward clinical trials for treatment of neurodegenerative conditions, specifically EPOR, VEGF, and CSFRI (7, 11, 27) . The microarray results were validated by an independent analysis of the expression of four selected genes, EPOR, VEGF, CSFR-1, and EGF, by semiquantitative PCR in 6-h pMCAO lesions from WT (n ϭ 3) and TNFRI KO (n ϭ 3) mice. In agreement with the array results, these genes were significantly down-regulated in lesions from TNFRI KO mice (Fig. 1 ).
EPO and VEGF Require Neuronal TNFRI to Mediate Neuroprotection in
Vitro. To investigate whether TNFRI is necessary for the neuroprotective functions of VEGF and EPO, we performed three models of neuron injury in vitro. First, we subjected primary cortical neurons from both strains to NMDA excitotoxicity. NMDA (50 M) was applied to untreated and EPO-or VEGF-pretreated neurons for 24 h, and death was assessed by lactate dehydrogenase (LDH) release. NMDA-induced death was similar in WT and TNFRI KO neurons 24 h after addition of the neurotoxin. Both growth factors (at 50 and 100 ng/ml) significantly protected WT, but not TNFRI KO, neurons ( Fig. 2A) . Similarly, in a second model, oxygen-glucose deprivation (OGD), EPO significantly protected WT neurons but not TNFRI KO (Fig. 2B ). In contrast, VEGF protected neurons from both strains against OGD, but protection was significantly stronger in WT compared with TNFRI KO neurons (Fig. 2B) . In a third model, glucose deprivation (GD), EPO and VEGF significantly increased neuron survival of both WT and, to a lesser extent, TNFRI KO neurons (Fig. 2C) . Taken together, these data show that TNFRI contributes significantly to EPO-and VEGF-induced neuroprotection in three diverse models of neuronal death.
TNF/TNFRI Signaling Induces EPOR and VEGF Expression in Neurons.
To further investigate the mechanism by which TNF/TNFRI signaling contributes to EPO-and VEGF-mediated neuroprotection, we assessed the expression of EPOR and VEGF in resting and GD-challenged WT and TNFRI KO neurons in the presence or absence of human (h)TNF, which selectively activates the murine TNFRI and not TNFRII (28) . We chose the GD model, in which exogenous TNF is strongly neuroprotective, for this experiment. Treatment of WT neurons for 1 and 3 h with hTNF (10 ng/ml) had no effect on EPOR mRNA levels but significantly induced expression at 6 h, whereas it had no effect on TNFRI KO neurons at any time point studied (Fig. 3A and data not shown). EPOR protein expression was undetectable in primary cortical neurons of either strain (data not shown). GD induced the expression of EPOR (Fig. 3B) in WT, but not TNFRI KO, neurons, as measured by RT-PCR at 3 h after deprivation. Similarly, VEGF expression in WT, but not TNFRI KO, neurons was significantly induced 3 h after GD, and this induction was further enhanced by hTNF (10 ng/ml) (Fig. 4) .
TNFRI and EPO in Kainate-Induced Neuronal Death. To verify the cooperation between the TNFRI-and EPO-mediated neuroprotective mechanisms in vivo, we performed kainate-induced neurotoxicity, an acute and selective model of neuronal death in which TNF and EPO have been shown independently to be neuroprotective (2, 20) . We administered kainic acid (25 mg/kg) to WT (n ϭ 21) and TNFRI KO (n ϭ 24) mice and assessed seizure activity by using standard criteria every 5 min for 90 min.
TNFRI KO mice exhibited more severe and sustained seizure activity and higher mortality rates compared with WT mice, which is consistent with the known neuroprotective effects of TNF (Fig. 5) . The administration of recombinant human EPO (1,000 units/kg i.v.) 24 h before the injection of kainic acid significantly reduced seizure score in WT (n ϭ 18), but not TNFRI KO (n ϭ 20), mice (Fig. 5) .
Discussion
CNS neurons can undergo cell death through multiple mechanisms, including apoptosis, necrosis, and autophagy, as well as others that are not yet fully characterized (29) . During development and normal functioning of the adult CNS, and under diverse pathological conditions, neurons are exposed to potential death triggers. However, considering the vital importance of these cells to the organism, it is perhaps not surprising that they have developed elaborate mechanisms to protect from inappropriate neuronal losses. Although numerous effective neuroprotective molecules have been identified that have well characterized roles in individual pathways, it is impressive that many of these can protect neurons in a wide range of disease paradigms. For example, Bcl-2 mediates significant neuroprotection during ischemia (30, 31) , spinal cord injury (32, 33) , and excitotoxicity (34), even though neuron death is not restricted to only mitochondrial apoptosis. It is clear that a high level of integration between neuroprotective pathways must exist.
The cytokine EPO is a major neuroprotective factor that signals through the EPOR, which is expressed by most CNS cells including Fig. 2 . EPO-and VEGF-mediated neuroprotection after ischemic, metabolic, and excitotoxic injury in vitro is TNFRI-dependent. LDH release was measured in the culture medium of WT and TNFRI KO neurons 24 h after NMDA exposure (50 M) (A), OGD (B), and GD (C) with or without pretreatment with either EPO or VEGF at two different concentrations (50 and 100 ng/ml). The results shown represent the means Ϯ SEM of triplicate samples from two independent experiments. * , P Ͻ 0.05; ** , P Ͻ 0.001 for comparisons between WT and TNFRI KO neurons at each condition.
Fig. 3. TNF-and GD-mediated induction of EPOR in neurons is TNFRIdependent. The relative mRNA levels of EPOR in WT and TNFRI KO neurons were assessed by quantitative RT-PCR 6 h after hTNF treatment (A) and 3 h after GD with or without hTNF pretreatment (3 and 6 h) (B).
The results shown represent the means Ϯ SEM of triplicate samples from two independent experiments. * , P Ͻ 0.001 for comparing TNF-treated WT and TNFRI KO neurons (A); * , P Ͻ 0.02 for comparing WT neurons before and after GD (B).
neurons (35) . Recent evidence suggests that, in contrast to hematopoiesis, which is mediated by an EPOR homodimer, tissue protection employs a heteromeric receptor consisting of EPOR and the ␤ common receptor used by GM-CSF, IL-3, and IL-5 (36). It is important to note that in the present study, only EPOR expression was monitored, and, therefore, a distinction between the homodimer and heteromer cannot be made. EPOR engagement by EPO induces the activation of NF-B and Jak2 in cortical neurons and the induction of antiapoptotic molecules such as XIAP and c-IAP (37) . EPO has given impressive results as a neuroprotective reagent in diverse preclinical models for neurodegeneration. EPO administered prophylactically has been shown to reduce the loss of CA1 neurons and improve learning ability after global ischemia (5), limit injury volume after pMCAO (1, 2) and blunt trauma (2), ameliorate the latency and severity of kainate-induced seizures (2), and delay the onset and reduce the clinical symptoms of experimental autoimmune encephalomyelitis (6) . The direct neuroprotective effect of EPO has been demonstrated in cultures of cortical, hippocampal, and motor neurons subjected to NMDA-induced injury (5, 38), serum deprivation, and kainate-induced death (39) . In this study, we show that EPOR expression and neuroprotection against in vitro ischemic-, metabolic-, and excitotoxic-mediated injury is TNFRI-dependent and that EPO cannot protect mice from kainate-induced damage in the absence of TNFRI. As far as we are aware, this gives the first evidence for crosstalk between two major neuroprotective pathways. Even though further details of this interaction are not yet available, TNFRI is a major inducer of NF-B activity in neurons (23) , whereas EPOR expression is known to be induced by NF-B (40), suggesting that NF-B may represent one link between the two pathways.
A second neuroprotective cytokine identified to be a TNFRIdependent target in this study is VEGF. VEGF reduces ischemic infarction when directly administered to CNS tissue (10) and retinal neuron apoptosis in a model of ischemic reperfusion injury (41) . Viral-based delivery of VEGF also has been shown to have beneficial results in a mouse model of ALS (14) and in a rat and nonhuman primate model of Parkinson's disease (42) . Although VEGF is best known for its role as a growth factor for endothelial cells, its receptors are also expressed by neurons (13) . VEGF prolongs the lifespan of mesencephalic neurons in culture (43) and rescues hippocampal and cortical neurons from serum deprivation (44) , hypoxia (45) , and glutamate-induced cell death (46) . The mechanism by which TNFRI can regulate the expression of VEGF in pMCAO lesions and GD-treated neurons is not yet known. However, TNF, EPO, and VEGF have all also been implicated in ischemic tolerance (47) , providing further support that their neuroprotective signaling pathways may be interrelated.
In addition to EPOR and VEGF, we detected changes in several other pathways that have been implicated in neuron death and survival in the absence of TNFRI. Genes encoding for proapoptotic members of the Bcl-2 family, BAD, BID, and PCD1, were all up-regulated by the absence of TNFRI at the 3 h time point, indicating that the mitochondrial pathway of apoptosis is triggered. By 6 h, growth factors represented the major functional category to be down-regulated in the absence of TNFRI. In addition to EPOR and VEGF, these included EGF, FGFR1, CSFR1, IGF1, and NGF, all of which have been implicated in neuroprotection (47) . This finding suggests that TNF can be pivotal for orchestrating the trophic microenvironment of neuronal cells after injury. A second category of 6-h proteins included three neurotransmitters, serotonin 2C and 1F and AMPA1, and has been shown to be regulated in hippocampal neurons by TNF (48) . Interestingly genes involved in cell cycle regulation and DNA excision repair system I were up-regulated in the absence of TNFRI. Cell cycle reactivation has been reported to be required for neuronal death both during development and in disease and trauma (49) .
The results of this study reveal that neuronal TNFRI is required for the correct expression of genes involved in multiple pathways relevant for the protection of neurons after injury and ischemic tolerance, as well as for the physiological functioning of neurons. Finally, it is likely that the combined effect of several dysregulated neuroprotective pathways is responsible for the enhanced brain damage and increased mortality, as previously reported in TNFRI KO mice (20, 23) . Given that TNF is a major proinflammatory cytokine expressed in the CNS in the acute phase of injury or infection and has the potential to induce tissue damage, it is likely that extensive crosstalk between protective pathways is necessary for neurons to ensure their survival and functioning.
Materials and Methods
MCAO Model. Adult male WT and TNFRI KO (50) mice weighing at least 30 g were subjected to pMCAO, as described previously (1, 51, 52) . During ischemia, physiological parameters remained in the normal range (body temperature, 37 Ϯ 0.3°C; PaCO 2, 40.9 Ϯ 4.2 mm Hg; PaO2, 131.73 Ϯ 3.97 mm Hg; 7.08 Ϯ 0.08 pH). At 3 and 6 h after occlusion, mice were anesthetized and the occluded cortex was removed and frozen in liquid nitrogen until further processing. Surgical protocols were conducted in conformity with the institutional guidelines that comply with national and international laws and policies. cDNA Microarray Analysis. Total RNA was extracted from the occluded cortex of WT and TNFRI KO mice with TRIzol (Invitrogen) according to the instructions of the manufacturer. DNase-treated (Promega) RNA samples were reversetranscribed to [␣-33 P]dATP-labeled cDNA. The resulting cDNA probes were hybridized to the Atlas mouse spotted nylon array membranes that contain 588 or 1,185 mouse cDNA fragments from selected known genes, according to the protocol of the manufacturer (Clontech). Membranes were exposed for 48 h on a Storm PhosphorImager Screen (Molecular Dynamics, Amersham), and hybridization patterns were quantified by using Image Quant 5.2. The signal for any given gene was calculated as the average of the signals from the two duplicate DNA spots and was normalized to the average expression of the entire array (global normalization) to allow comparisons of multiple cDNA array images. Changes in the mRNA profiles of WT and TNFRI KO lesions were considered significant if they were Ն2-fold.
RT-PCR.
RNA samples from WT and TNFRI KO occluded cortex and corresponding cortical regions from nonoccluded mice and from WT and TNFRI KO neurons before and after GD and TNF pretreatment were reverse-transcribed with M-MLV Reverse Transcriptase (Promega) and random hexamers (Roche Diagnostics). cDNAs were amplified by using the following set of primers: VEGF (forward, 5Ј-GCG GGC TGC CTC GCA GTC-3Ј; reverse, 5Ј-TCA CCG CCT  TGG CTT GTC AC-3Ј), CSFR1 (forward, 5Ј-GAC CTG CTC CAC TTC TCC AG-3Ј;  reverse, 5Ј-GGG TTC AGA CCA AGC GAG AAG-3Ј), EPOR (forward, 5Ј-GGA CAC  CTA CTT GGT ATT GG-3Ј; reverse, 5Ј-GAC GTT GTA GGC TGG AGT CC-3Ј) and  EGF (forward, 5Ј-AAA CAC TGC TGC AGA CAG GGG-3Ј; reverse, 5Ј-TCC TTT GTT  CAA GCA CTG TAA-3Ј) . Mouse ␤-actin was amplified as a loading control. Densitometric analysis was performed by using Image Quant 5.2 (Storm Scanner 600; Molecular Dynamics), and relative band intensities were determined by normalizing the densitometry value for the gene of interest to the respective actin value.
Quantitation of EPOR Expression Levels by Real-Time Quantitative PCR. Reverse transcription (RT) was carried out at 37°C for 60 min in 50 l of RT mixture containing 1 g of total RNA, 400 units of reverse transcriptase (M-MLV, Invitrogen), 80 units of RNase inhibitor (RNaseOUT, Invitrogen), 0.6 mM each dNTPs (Amersham Biosciences), and 1 g of random primers (Promega). Aliquots corresponding to 1/25 of the resulting complementary DNA (cDNA) were subjected to real-time quantitative PCR by using the TaqMan gene expression assays for mouse EPOR and for 18S rRNA as endogenous control (Applied Biosystems). All procedures, including data analysis, were performed on the ABI PRISM 7300 sequence detection system (Applied Biosystems) with the use of the software provided with the instrument. Quantification of EPOR mRNA was evaluated by using the comparative threshold cycle method, following Applied Biosystems guidelines. The results were expressed as EPOR mRNA arbitrary units, representing EPOR gene expression versus the calibrator sample. As a calibrator, we used a cDNA obtained from mouse kidney, which is known to express EPOR.
Western Blot. Protein extracts from WT and TNFRI KO cortical neurons (100 g) were resolved on 10 -12.5% polyacrylamide gels under denaturing conditions and transferred onto nitrocellulose membranes. Blots were probed with an antibody against mouse EPOR (R&D; 1:100) and a secondary anti-mouse IgG (Jackson Immunoresearch Laboratories; 1:1,000). Antibody binding was detected by using the ECL Plus Detection system (Amersham Pharmacia).
Primary Cultures of Neocortical Neurons and Experimental
Treatments. Dissociated neocortical cell cultures were prepared from embryonic day 15 WT and TNFRI KO mice as described previously (23, 54) . All experiments were performed on day 7 in vitro, in cultures containing Ͻ5% astrocytes, as determined by GFAP immunocytochemistry. GD and OGD of neuron cultures was performed as described previously (19, 55, 56) . NMDA excitotoxic death was induced by exposure of neurons to 50 M of NMDA for 24 h. Human recombinant TNF, EPO, and VEGF (R&D) were added to cultures 24 h before the onset and during the treatment. Neuronal injury in all cases was assessed by measurement of LDH released from damaged neurons into the culture medium, as described previously (57) .
Statistics. All statistical analyses were performed with Sigma Stat 2.0 for Windows (SPSS). All data are given as means Ϯ SEM. To determine significant differences between seizure scores of WT and TNFRI KO mice before and after EPO administration, one-way ANOVA on ranks, followed by Dunn's test, was performed for pairwise comparisons at each time point because the group sizes were unequal. For comparisons of neuron viability, as assessed by LDH release, one-way ANOVA with Bonferroni correction was performed. For all RT-PCR analyses, a semiquantitative measurement of the band intensity was performed with Image Quant 5.2 (Storm Scanner 600; Molecular Dynamics) and expressed as pixel intensity per unit area. All densitometric values were normalized to their respective actin values. Relative mRNA levels were compared by using one-way ANOVA, followed by Tukey test for pairwise multiple comparisons. P values of Ͻ0.05 were considered statistically significant.
